Introduction
Biodiesel fuel (BDF) is derived from natural fats and oils and used as substitute for petro-diesel fuel. BDF has attracted certain attention for its environmental benefits such as renewability, carbon neutral property, biodegradability and low emission profiles, and considered to be one of the solutions for environmental problems like global warming, and air pollution generated by the combustion of fossil fuel resources.
It is well known that Rudolph Diesel demonstrated his original diesel engine with 100 % peanut oil at the Paris Exposition in 1900 [1] . However, the diesel engine development had been more adapted to the petro-diesel fuel, which has lower viscosity. Accordingly, it is necessary to lower the viscosity of the vegetable oil by an alcoholysis reaction process to produce fatty acid methyl ester (FAME), which is also known as biodiesel fuel. This alcoholysis reaction process is a three-stepwise and reversible reactions that forms three molars of FAME and one molar of glycerol (GL) from one molar of triglyceride (TG) and three molars of methanol ( Fig. 1(a) ). Diglycerides (DG) and monoglycerides (MG) are being the intermediate much slower than the alkaline-catalyzed one [2] .
Enzymatic catalyst, such as lipase, easily converts FFA into FAME and gives high conversions to FAME in alcoholysis of waste edible oils [3] . Enzymatic alcoholysis requires lower energy, but the cost of lipase is still too high compared to alkaline catalyst. Therefore, alkaline catalysts are the commonly used catalyst in commercial BDF production. This method, however, requires refining process to remove alkaline catalysts and saponified products, which results in complex process, lower yield and higher production cost. Therefore, noncatalytic alcoholysis method to produce BDF is considered to be more advantageous.
There are numbers of studies on BDF production by an alkaline catalyzed alcoholysis of natural oils and fats [4 -13] . However, quite a few studies have been done on noncatalytic alcoholysis for BDF production. Kinetics of noncatalytic alcoholysis of soybean oil was investigated by Diasakou et al. [14] , and the experiments were carried out at 220 and 235°C with various methanol/oil ratios. Saka and Kusdiana [15] showed that noncatalytic alcoholysis with supercritical methanol treatment has a high reaction rate. This method can convert 2 g of rapeseed oil into FAME in 240 s with 95 % conversion. However, this method requires high reaction temperature and pressure, and used as standards. Acetonitrile and glycerol were purchased from Wako Pure Chemicals (Osaka, Japan), and used as carrier solvent and standard, respectively.
Apparatus
The reactor consisted of an oil reservoir, a methanol reservoir, a pump, a dehydrating column for methanol, a reactor vessel, and a cooling unit (Fig. 2) . The volume of the reactor vessel was about 500 mL, its inner diameter was 55.5 mm, its height was 227.5 mm (Fig.3) . The reactor vessel was equipped with a stirrer for mixing the liquid phase and a heater to control the reaction temperature. Both the stirrer and the heater were controlled with a controller. The upper part of the reactor vessel was equipped with an oil inlet and a gas phase outlet, while the bottom part of the reactor vessel was equipped with methanol gas inlet and liquid phase outlet. A pressure control valve (PCV) was installed for regulating the operating pressure during the reaction.
Procedures
Oil and methanol were dehydrated with molecular sieves before introduced into the reactor. Oil was fed into the reaction vessel with fixed initial oil volume, then the reaction started by blowing superheated methanol bubbles continuously into the reactor vessel at fixed flow rate.
The reaction temperature and stirring rate were kept constant with controller; the operating pressure was kept constant with a PCV. The methanol gas reacted with oil and flowed out from the reactor vessel as gas phase. The gas phase was liquefied by a condenser, and periodically collected with a fraction collector. The reactants (liquid phase) were collected at a scheduled time.
Reaction conditions
Experiments were designed to evaluate the effect of reaction temperature, methanol feed flow rate, operating pressure, stirring rate, and initial oil volume on the reaction process. One reaction variable was changed while the rest were kept constant during one cycle of the process.
The range of each variable is shown in 
Outflow rate of FAME [g/min]
Total mass of FAME produced in gas phase in whole reaction [g] (1) whole reaction time [mm] Total production rate of FAME defined by Eq. (2) will also be used as another standard to evaluate the FAME production in both the gas and liquid phases. By comparing the total production rate to the outflow rate, it is possible to evaluate the distribution of FAME between the gas phase and the liquid phase. The effects of five variables studied in this experiment were evaluated with these two standards.
Total production rate of FAME [g/min]
Total mass of FAME produced in gas and = liquid phases in whole reaction At the reaction time of 180 min, the total amount of identified components in the liquid phase was only 80 % (Fig.   4 ) . The content of unknown product increased with reaction time and reaction temperature, suggesting the polymerization or pyrolysis of oil. To avoid the production of unexpected product, it is necessary to modify the reactor in order to achieve a lower reaction temperature and shorter reaction time.
3.2 Effect of methanol feed flow rate Figure 6 shows that both total production rate and outflow rate of FAME increased with methanol feed flow rate.
Increase in gas-liquid interface area due to increase in methanol feed flow rate enhanced the reaction rate, leading to the increase in total production rate of FAME.
Increase in methanol feed flow rate also removed FAME efficiently from the reactor, resulting in increase in outflow rate of FAME. Decrease in product inhibition due to the increase in outflow rate of FAME led to additional increase in total production rate.
Effect of operating pressure
In the literature [4, 5, 9 -12, 14, 15, 17, 18] , reactions were carried out with batch reactors, therefore it was diffi- Fig. 6 Effect of methanol feed flow rate on total production rate and outflow rate of FAME (reaction conditions; reaction temperature : 290t, operating pressure : 0.1 MPa, stirring rate : 700 rpm, initial oil volume : 200 mL).
• : total production rate of FAME, • : outflow rate of FAME cult to control the reaction pressure independently. This work was accomplished in semi-batch reaction mode, so that, it was possible to control the reaction pressure independently. Effect of operating pressure on the reaction is shown in Fig. 7 . Outflow rate of FAME showed maximum value at 0.1 MPa. FAME vapor pressure was assumed to be constant in all operating pressure because of the constant reaction temperature, while total pressure increased.
The decrease in outflow rate of FAME with operating pressure was supposed to be caused by the decrease in FAME partial pressure inside the reactor vessel. The total production rate of FAME increased with the operating pres- sure until 1.0 MPa, but was saturated under operating pressure above 1.0 MPa. At higher operating pressure, outflow rate of FAME was decreasing, but FAME concentration in the liquid phase was increasing (Fig. 8) . The increasing FAME concentration in the liquid phase might inhibit the reaction and lower the total production rate of FAME at higher operating pressure. 0.9 mL/min, initial oil volume : 200 mL).
•oe: total production rate of FAME, •¡: outflow rate of FAME ysis based on kinetics of the bubbles will be performed in our future work.
Effect of initial oil volume
The effect of initial oil volume on the reaction was investigated at 150, 200 and 250 mL. Both total production rate and outflow rate of FAME increased with initial oil volume ( Fig. 10) , because an increase in the height of liquid phase brought an increase in residence time of methanol bubble in the liquid phase. This result also reconfirm the significant effect of residence time of methanol bubble on the The method proposed in this work does not require refining process to remove catalyst as in the conventional alkaline catalyzed method. Therefore, applying this method might reduce production cost of biodiesel fuel.
Economical efficiency of this noncatalytic alcoholysis method was evaluated by Ishikawa et al. [19] based on the data obtained in this study. They designed a practical scale reactor that could produce 1000 kg of FAME in an hour and the production cost was estimated. The calculation indicated that the production cost of FAME would become half of the conventional alkaline catalyzed method. This result indicates the possibility of this method in reducing BDF production cost compared with conventional method. Energy balance and economical efficiency of the method proposed here will be further estimated by using a pilot scale reactor in the future. These results would be useful for redesigning the reactor to be more efficient. Future work will be focused on the discussion on bubble interface and kinetic analysis of this reaction.
